Abstract: We demonstrated a fiber-optic sensor using spheroidal-cavity-overlapped fiber Bragg grating (FBG) for simultaneous temperature and strain sensing. The spheroidal cavity is fabricated through splicing two sections of the photon-sensitive fiber together and located in the center of the FBG to act as a Fabry-Pérot interferometer (FPI). Experimental results demonstrate that the temperature sensitivity of the FPI part of the sensor is 0.67 pm/°C at the range of -70°C-20°C, and its strain sensitivity is 3.76 pm=" at the range of 0-500 ", while those of the FBG part are 8.40 pm/°C and 1.40 pm=", respectively. The sensitivity difference ensures good simultaneous measurement performance.
Introduction
Fiber optical sensors, such as fiber Bragg grating (FG), Fabry-Pérot interferometer (FPI), and long-period grating (LPG), for temperature and strain sensing have attracted extensive interests due to their advantages of compact size, immunity to electromagnetic interference, harsh environment survival ability, and high sensitivity [1] . In recent years, many configurations have been proposed to discriminate these two parameters simultaneously and can be classified into three main categories: FBG-based configuration, FBG-LPG-based configuration, and FBG-FPI-based configuration. FBG-based configurations are realized by etched-Core FBG [2] , dual-differentgrating [3] , tilted FBG [4] , [5] and superstructure FBG [6] , [7] . However, the sensitivity difference of FBG-based configuration is small to some extent and makes it unable to measure error. FBG-LPG-based configuration improves sensitivity difference, but LPG works in transmission mode, which cannot be used in single-end measurement [8] , [9] . FBG-FPI-based configuration can overcome above issues. Rao et al. [10] constructed the sensor by inserting FBG with cleaved end into a capillary to form the FP cavity. Li et al. [11] etched a FP using hydrogen fluoride and then constructed the sensor by inscribing a FBG in its lead-in fiber. The cascade of FP and FBG prevent the sensor from becoming compact further, which can be improved by overlapping FP cavity on FBG [12] , but the fabricated FP cavity with 157 nm laser by Liu had a rough surface and limited visibility of interference fringe pattern to about 4 dB.
In this paper, an improved sensor configuration and fabrication process is proposed and demonstrated for simultaneous temperature and strain measurement. A spheroidal cavity is formed by splicing two sections of a B/Ge doped photon sensitive fiber together to form a FPI and then the FBG is written on the FPI directly. The surface of spheroidal cavity formed by surface tension makes a high quality smooth surface and the concave shape also helps focus the light. As a result, the visibility increased to 7 dB, and the signal demodulation is ensured better.
Principle of Sensor
The schematic diagram of the sensor is illustrated in Fig. 1 .
A spheroidal cavity is overlapped in the middle of a FBG. When the light is incident on the sensor, a part of light is reflected by FBG at wavelength B ¼ 2n eff Ã, n eff is the effective refractive index and Ã is grating period and the other part of light is reflected by FPI, which is constituted with the two glass/air interfaces of the spheroidal cavity. The shift of the Bragg wavelength due to strain and temperature change is determined by
where P e is the effective photo-elastic coefficient of the fiber core material, which is 0.22 for silica fibers. In addition, and are the thermal-expansion coefficient and thermo-optic coefficient of silica fiber, and their numerical value is 5 Â 10 À7 K À1 and 6:34 Â 10 À6 K À1 , respectively. The theoretical temperature sensitivity and strain sensitivity of FBG with center wavelength 1539.470 nm are 9.7 pm/°C and 1.2 pm=".
The reflection of micro sphere cavity is
where R is the reflectivity of the glass-air interface, ' is the phase shift between the two reflected lights, ' ¼ ð4nL= FP Þ þ ' o , L is the cavity length, FP is the wavelength of the loss peaks, and ' 0 is an initial phase. FP meets with the condition of 2L ¼ m FP , where m is interference order. The variation of ambient temperature and axial strain can cause the change of optical path difference. Thereby, the change of wavelength FP can be calculated by
where t is the distance between the two fixed point of FP cavity, L o is the initial cavity length, and is the thermal-expansion coefficient of silica fiber. When the initial peak wavelength of the FP cavity is 1528.562 nm and t is 100 mm, we can calculate the temperature sensitivity and strain sensitivity of FP are 0.8 pm/°C and 3 pm=". The difference of sensitivity helps to construct a sensing matrix as
Here, K 1T and K 2T are the thermal coefficients of the FBG and the spheroidal cavity, and K 1" and K 2" are the strain coefficients of the FBG and the spheroidal cavity. The applied strain and the temperature changes can then be simultaneously obtained from (3):
where
is the inverse matrix of sensitivity matrix. It is the determinant of the coefficient matrix. For given wavelength measurement errors ðÁT Þ and ðÁ"Þ, the tolerances of the measured stain and temperature are given by
The wavelength measurement errors are determined by the resolution of the optical spectrum analyzer (OSA) [13] .
Fabrication of Sensor
The fabrication procedure of the sensor using a commercial fusion splicer is shown in Fig. 2 . First, two sections of a B/Ge doped high numerical aperture photosensitive fiber (StockerYale, 500-11090) are prepared with cleaved flat end face, as shown in Fig. 2(a) . Set the parameters of fusion splicer as following: Arc power is 140 units, arc duration is 300 ms, pre-fusion time is 160 ms, and cleaning arc power offset is -20 default units. Second, reshape the two fiber ends into smooth hemispherical in turn by means of clean discharge, as shown in Fig. 2(b) . After being immersed into a refractive index matching liquid with an index value of 1.46, the hemispherical tip is repositioned onto the fusion splicer. Push the two sections of the fiber to make the liquid on their tips touched, as shown in Fig. 2(c) . Different pushing distance can get different length of the cavity. Splice the two fiber ends to form a spheroidal cavity applying arc discharge. Because the outer fiber soft and freeze earlier than the inner and with the evaporation of the liquid coated on the fiber tip, the air is trapped to form a bubble resulting from the surface tension, as shown in Fig. 2(d) . Thirdly, the fiber is put close behind a phase mask ðÃ ¼ 1060 nmÞ with the micro spheroidal cavity in the middle position and exposed to a 248 nm KrF excimer laser to inscribe an FBG on it. The energy per pulse and pulse repetition rate of the excimer laser are 8 mJ and 50 Hz, respectively. Fig. 3(a) shows the image of the micro spheroidal cavity and the cavity length is about 119 m.
Experiment Setup and Results
We establish the experiment system to characteristic strain and temperature performance of the senor, as shown in Fig. 4 . A super luminescent diode (SLD) with 5 mw output optical power is used. The light from SLD is launched into the sensor via an optical circulator. The reflected spectrum is then measured with an optical spectrum analyzer (OSA). Fig. 3(b) shows the measured reflection spectrum. During the temperature characterization process, the sensor was inserted into a capillary to be isolated from the strain effect and was then put into an alcohol bath with a temperature control precision 0.1°C and temperature fluctuation of T0.01°C/30 min. Simultaneously, we employed platinum resistance thermometer with a precision of 0.01°C as a reference. The temperature increased from -70°C to 20°C with a step of 10°C. The measurement range of temperature need be under 120°C due to the annealing temperature of the FBG. Fig. 5(a) shows that the reflection spectra of the sensor shifts equably as the temperature changing from -70°C to 20°C with no axial strain. The temperature sensitivities of FBG and FPI are 8.40 pm/°C and 0.67 pm/°C, respectively. The measured results are consistent with the theoretical analysis. As shown in Fig. 6(a) . The relationship between the variation of wavelength and the temperature maintains an excellent linearity (R 2 ¼ 0:9995 and 0.9997) and the mean square is 0.43°C. The strain of the sensor is applied by utilizing two translation stages with the resolution of 5 m and the temperature is kept at 25°C. The sensor is fixed between the translation stages, among which the distance is 100 mm. The strain varies from 0 " to 500 " at a step of 50 " but does not exceed the limitation value of mechanical strength. Fig. 5(b) shows the peak of reflection spectra of the sensor changes evenly as the axial strain varying from 0 " to 500 ". The strain sensitivities are 1.40 pm=" and 3.76 pm=" as shown in Fig. 6(b) . At the same time, we note that the wavelength shifts as strain changing and exhibit good linearity Vol. 7, No. 6, December 2015equivalent to 0.42 mrad/°C and 2.36 mrad=" which is improved by four times and three times comparing to [12] , respectively. Generally, the measured temperature and strain sensitivities of the FBG and the FP cavity are close to the theoretical ones. According to results, the sensor matrix equation can be expressed as
:40 pm= C 1:40 pm=" 0:67 pm= C 3:76 pm=" ÁT Á"
where the units of the wavelength shift and temperature are nm and°C. The measurement results are shown in Fig. 7 . Temperature measured errors of the sensor maintain within ±1.63°C Vol. 7, No. 6, December 2015and strain errors are less than AE12:9 ". The standard deviations of temperature and strain errors are 0.89°C and 9.2 ", respectively. For given measurement errors of wavelength shifts, the maximum strain and temperature errors can be estimated with (5) . The OSA has a wavelength precision of 10 pm, which make the maximum measurement errors of the temperature and strain are 3.15°C and 4.7 ", respectively.
Conclusion
In conclusion, an integrated fiber-optic sensor is proposed for simultaneous temperature and strain sensing. The sensor head is fabricated by overlapping a spheroidal-cavity on a FBG. The smooth surface of the cavity increases the visibility of the reflection fringes. Theoretical analysis indicates that the strain and temperature are measured simultaneously due to the difference of the sensitivities of the FBG and FP cavity. Experiment results demonstrate that temperature sensitivity of FPI is 0.67 pm/°C at the range of -70°C-20°C and its strain sensitivity is 3.76 pm=" at the range of 0 " to 500 ", while the corresponding values of FBG part are 8.40 pm/°C and 1.40 pm=".
